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Abstract
The performances of the fifth generation (5G) wireless communication systems are significantly
affected by edge cache and transport network. These emerging components bring substantial costs
of the placement and utilization, and the evaluation of the cost impact is beyond the capability of
traditional performance metrics, including spectral efficiency (SE) and energy efficiency (EE). In this
article, economical energy efficiency (E3) is proposed, whose core idea is to take SE/EE and cost into
account to evaluate comprehensive gains when different kinds of advanced technologies are used in 5G
systems. The E3 results are shown when the transport network and edge cache are separately or jointly
used. Open issues in terms of modeling the cost, E3 optimization based radio resource allocation, and
E
3 optimization for internet of things, are identified as well.
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2I. INTRODUCTION
The rapid development of mobile internet and internet of things (IoT) is now on a path
to exhaust the capabilities of existing wireless systems, which motivates a growing number of
researchers to develop the fifth generation (5G) wireless systems. Besides capacity and greenness,
high values are also put on some other aspects in this process, including scalability, flexibility,
and interoperability, which brings challenging requirements on the capability of 5G systems.
Given all these pluralistic requirements, it has now become a consensus that compared with the
traditional wireless communication systems, 5G systems need to be capable of supporting 10 to
100 times higher typical user data rate, connecting 10 to 100 times higher number of devices,
and ensuring 5 times reduced end-to-end latency [1].
To handle such challenges, several innovative network architectures have been proposed as
prospective solutions for 5G systems, such as cloud radio access networks (C-RANs) [2],
heterogeneous cloud radio access networks (H-CRANs) [3], and fog computing based radio
access networks (F-RANs) [4]. The performances of all these potential paradigms strictly depend
on the capability of transport networks, which are composed of backhaul and fronthaul (X-Haul).
Besides, edge cache is widely used in F-RANs to alleviate the burden on transport networks and
reduce end-to-end latency. Fig. 1 (a) shows an example of F-RAN based 5G systems consisting
of high power nodes (HPNs), remote radio heads (RRHs), and edge-computing access points
(EC-APs). Given the importance of X-Haul and edge cache, it is indispensable to fully consider
the corresponding impacts of these emerging components.
While making comparisons among different X-haul and edge cache strategies, or setting
explicit long term targets for the development of 5G systems, appropriate metrics that enhancing
traditional spectral efficiency (SE) and energy efficiency (EE) are urgent since they provide the
quantified evaluation of the results. As Stage A shown in Fig. 1 (b), SE, defined as the system
throughput per unit of bandwidth, is widely used for the traditional cellular networks with regular
deployment, in which the key issue is the shortage of spectrum resources. As the techniques
keep evolving, much attention is paid to the greenness issues. Taking no consideration on energy
consumptions, SE fails to characterize the energy-saving feature of heterogeneous networks
(HetNets). Subsequently, EE, defined as the system throughput per unit of energy consumption,
is proposed as a solution. Since it evaluates network performance with both throughput and
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Fig. 1. Challenges for performance metrics. (a) An example of 5G systems. (b) Evolution of performance metrics for mobile
networks.
energy consumption taken into consideration, EE well fits the demands of green communication,
and is widely used in green networks, as Stage B shown in Fig. 1 (b).
The performance requirements of 5G systems become increasingly pluralistic, and they need
to be evaluated in a comprehensive manner. Since the affordability is regarded as an essential
concern of 5G systems, much effort should be focused on reducing the total cost, including at
least the overheads on network infrastructure, deployment, operation, and management due to
using X-Haul and edge cache [5]. With the additional cost of 5G systems, the traditional SE and
EE metrics appear to be insufficient to evaluate the impacts by this kind of cost-related techniques.
As a result, as Stage C shown in Fig. 1 (b), it is urgent to propose an advanced performance metric
to comprehensively evaluate both EE and the cost induced by various advanced components of
5G systems.
Accurately, there have already been some research works focusing on the cost issue due to
introducing the X-Haul and edge cache. A brief analysis of the relationship between SE and EE
is discussed in [6], with the conclusion that the relation is not a simple trade-off, and the relation
under realistic and complex network scenarios still requires further investigation. In 5G systems,
this kind of trade-off should be revisited and the impact of cost should be highlighted. In [7],
4the way to reduce the cost on X-Haul is proposed, and the authors of [8] analyze cost-effective
caching strategies. In [9], the cost effective deployment strategies for HetNets are presented,
where the cost efficiency is proposed as the ratio of system throughput to the total cost of
the system. A study on the constitution of the cost is given in [10], together with deployment
strategies to separately minimize the overall system cost and the total energy consumption, in
which the cost and the greenness issues are not jointly considered.
To characterize scalability, flexibility, and interoperability in 5G systems, this article provides
a feasible performance metric to show the comprehensive gains. In particular, an advanced
performance metric named economical energy efficiency (E3) is proposed, with the core idea of
taking EE and cost into account. Based on the proposed metric, the impacts of X-Haul and edge
cache are characterized. Numerical results imply that there are potential ways to optimize the
E3 performance of 5G systems, including proper X-Haul deployment strategies, advanced edge
caching strategies, and the joint optimization of X-Haul and edge caching strategies. Challenges
and open issues related to E3 metric, including the cost model, E3 optimization based radio
resource allocation, and E3 optimization for IoTs, are discussed as well.
The rest of this paper is organized as follows. The definition of the proposed E3 metric is
introduced in Section II, together with its characteristics. In Section III, after briefly exploiting
the impact of X-Haul and edge cache, several numerical results of using the proposed metric are
presented. Open issues are then discussed in Section IV, followed by the Conclusion Section.
II. DEFINITION AND CHARACTERISTICS OF E3 METRIC
Instead of traditional ways with high complexity working on the relations between SE and EE
[6], the proposed metric provides a feasible method to jointly consider the impacts on SE, EE,
and cost. The core idea of the proposed E3 metric is to take EE and cost into account to show
comprehensive gains when different kinds of advanced techniques are used in 5G systems.
A. Definition of E3 Metric
E3 is defined as the ratio of effective system throughput to energy consumption weighted by
cost coefficient, i.e., E3 =
∑
k∈K
αk Rk
∑
n∈N
(PTn+P0n Cn)
, in which N = {1, 2, 3, ..., N} represents the set of all
base stations (BSs) (including RRHs, EC-APs, and etc.), and K = {1, 2, 3, ..., K} represents the
set of all active user equipment (UEs). With Rk representing the effective throughput of UE k, and
5αk representing the weight factor which is related to the priority, the effective system throughput
is calculated as the sum of Rk · αk for all k ∈ K. With PTn representing the dynamical power
dependant to the load of BS n, P0n representing the static power of BS n, and Cn representing
the cost coefficient, the weighted energy consumption is calculated as the sum of PTn+ P0nCn
for all n ∈ N .
Let S(n) denote the set of BSs of the same kind as BS n, and these BSs are supposed to
have similar edge cache resources and X-Haul solutions. With C˜S(n) representing the average
cost for BSs belong to S(n), and C0 the benchmark cost, which can be calculated according to
a certain referential BS (e.g., the most costly kind of BS in the system), Cn is calculated as the
ratio of C˜S(n) to C0. To be clear, both C˜S(n) and C0 are calculated according to unit covering
area. Since Cn is dimensionless, the unit of E3 is “bit/Joule”, and E3 can be regarded as an
enhanced EE.
Note that though there have already been mature methods to calculate the throughput and
the energy consumption, the way to calculate the cost is still not straightforward. The overall
cost of 5G systems is determined by a large number of components, such as the infrastruc-
ture purchase, site installation, site operation, network optimization/maintenance, edge cache
placement, X-Haul configuration, and content deliver to the edge cache. Other overheads due
to the centralized/distributed cloudization also have a significant impact on the cost efficient. In
addition, if the component of 5G systems is inherited from the existing cellular systems, the
corresponding cost should be calculated differently.
B. The Characteristics of E3 Metric
According to the definition, with normalized Cn, E3 is equivalent to traditional EE metric,
which implies that differences in cost are ignored with EE. For the proposed E3 metric, when X-
Haul and edge-caching techniques are used in 5G systems, the throughput is jointly considered
with requirements on energy and budget. Although it affects neither throughput nor energy
consumption, the inheritance of components from existing networks is beneficial to the E3
optimization, as it reduces the cost.
As an example, Fig. 2 shows a comparison among different performance metrics. Without
further notes, the SE-related numerical results in this article are obtained under the same con-
figuration settings as that used in [11]. The energy-related parameters of the low power nodes
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Fig. 2. Different performance metric comparisons: the impact of X-Haul. (a) An example of C-RAN based 5G systems. (b)
Numerical results for different X-Haul solutions.
(LPNs, including RRHs and EC-APs) are set according to the pico BS with 10 MHz bandwidth
presented in [12]. To be clear, PTn for an AP with wireless X-Haul is assumed to be composed
of two parts: the transceiver part and the wireless X-Haul part, in which the latter is assumed to
be 3 times bigger than the preceding [11]. The parameter Cn ranges from 0.26 to 1, depending
on the used X-Haul solution. Those marked by dash lines are the best performances in the
comparisons. According to the numerical results, for the given X-Haul solutions with different
capacity and cost, E3 can present the harm of over pursuit of large capacity X-Haul, while both
SE and EE are insensitive to the budget wasted on the X-Haul with unnecessarily large capacity.
E3 metric is unable to point out the solution with the best SE, nor the one with the best EE
or CE. However, when impacts on different aspects need to be jointly considered, E3 metric
provides a feasible way to evaluate the comprehensive gain of the techniques, which contributes
to a proper balance among throughput, energy consumption, and expenditure required.
III. APPLICATIONS OF E3 METRIC
In this section, the impacts of X-Haul and edge cache are represented. The numerical results
of different performance metrics are compared as the proof of the rationality of E3 metric.
Potential ways to optimize E3 are included as well.
7A. E3-Represented Impact of X-Haul
X-Haul significantly affects the performances of C-RANs, H-CRANs, and F-RANs. Since
the maximum capacity of the BS is constrained by the capacity of its X-Haul, X-Haul with
larger capacity is preferable while optimizing the throughput of the 5G system. On the other
hand, larger capacity also leads to greater expense, which is harmful to the affordability of the
5G system. According to previous researches, cost on X-Haul accounts for 20-40% of the total
operational expenditures when most of the access points (APs) are still money-consuming macro
base stations (MBSs) [13]. Such proportion is liable to increase for 5G systems since most APs
are supposed to be much smaller and cheaper to use compared with MBSs, which makes cost
on X-Haul a big concern.
Besides, a large portion of the budget is consumed during X-Haul deployment. Considering
the flexible deployment, in certain cases it is difficult for LPNs to have access to wired X-
Haul, and accordingly the cost on wired X-Haul installation will be too high to afford. In such
cases, wireless X-Haul can make a proper alternative, for it requires no extra budget to purchase
cables, and the installation is relatively easy to handle, which leads to a lower cost on deployment
compared to those wired ones.
X-Haul strategies also affect the energy consumptions of the system. Compared with wired
X-Haul, wireless X-Haul consumes more energy, and situations will be even worse when the
transmission via wireless X-Haul suffers serious interference.
As it can be observed from the numerical results shown in Fig. 2, both SE and EE metrics are
insensitive to the overuse of X-Haul capacity resources. Given the limited covering area, there
are not as many traffic demands for a LPN as it is for a MBS. Besides, the daily maximum
traffic demands can be 2-10 times higher than the daily minimums [12]. That means X-Haul
with larger capacity has less chance to get fully used, and excessively pursuing X-Haul with
large capacity will lead to a waste of investment. Such results imply that it is preferable to make
full use of X-Haul with capacity just passable, for it satisfies the traffic demands to an acceptable
level with less expenditure. Actually, some research works focusing on the X-Haul constrained
scenarios have already been launched [14].
E3 metric also highlights the importance of easy installation. Considering the huge number of
deployment, X-Haul solutions for 5G systems should be more cost effective and easy to install
8than they used to. While both SE and EE are insensitive to the variation of expenditure on X-Haul
deployment, E3 can benefit from easy installation as the reduction of expenditure guarantees a
lower cost coefficient. As shown in Fig. 2, according to E3 performance, the cost-saving feature
makes wireless X-Haul an alternative worth considering. Such feature is especially valuable
when wired X-Haul brings enormous pressure on the budget of the 5G system. There have
already been some research works focusing on exploring the potentiality of wireless X-Haul,
and encouraging progresses have been made [7].
B. E3-Represented Impact of Edge Cache
Cache is widely used to reduce the duplicate transmissions of a few popular contents with large
sizes. Cache resources used to be mostly deployed within mobile content delivery networks. Such
centralized manner makes it easy to improve the visibility of both content dynamics and user
characteristics. However, the traffic data over X-Haul still surges a lot of redundant information,
which worsens the X-Haul constraints. Besides, the reduction of user latency is also limited, as a
certain portion of the delay is caused by the X-Haul. To further optimize the performance of the
system, a substantial amount of cache resources begin to be deployed in a distributed manner.
By moving application processing resources toward the network edge closer to mobile users, it
simultaneously eases the pressure on X-Haul and reduces the latency of users.
Cache helps to improve the capability of the system as well as the quality of services, but
it puts challenging requirements on the placement and utilization cost as well. Considering the
explosive growth of mobile traffics, the demands for cache resources will keep increasing, which
makes the cost on cache become ever more important.
For different caching strategies, Fig. 3 shows a comparison among SE, EE, and E3 metrics.
The size of cache equipped to each AP varies with solutions. Besides, two different caching
strategies are involved, and the one used in Fig. 3 (c) is assumed to have better performance.
The capacity of X-Haul is set to c1, which is less than enough to fully meet the traffic demands
without the help of edge cache. For simplicity, the energy consumed by cache is ignored.
As shown in Fig. 3, all three metrics highlight the use of edge caching technique, as it improves
the performance when the capacity of X-Haul is the handicap of system throughput. However,
while E3 can point out the overuse of edge cache resources, traditional SE and EE metrics are
insensitive to such problem. Besides, as it can be observed from the comparison between Fig.
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Fig. 3. Different performance metric comparisons: the impact of edge cache. (a) An example of F-RAN based 5G systems.
(b) Numerical results for a referential caching strategy. (c) Numerical results for an advanced caching strategy.
3 (b) and Fig. 3 (c), E3 metric also highlights the importance of advanced caching strategy,
as the performance will be better if the cache resources are used more efficiently. Another fact
worth noticing is that only a small amount of popular contents are accessed by a large portion
of requests, while others remain unpopular. Considering the scale of contents is expanding at
an explosive speed, it is not possible to cache all contents at BSs. As a result, compared with
expanding the cache size, more attention is required by the improvement of caching strategies to
feasibly optimize the E3 performance. Actually, there have already been some research works
focusing on this topic, and some promising achievements have been proposed [15].
C. The Joint E3-Represented Impact of X-Haul and Edge Cache
Both X-Haul and edge cache are essential components of F-RAN based 5G system, and the
corresponding strategies also significantly impact the performance of each other. On one hand,
edge cache techniques help to relieve the pressure on X-Haul. On the other hand, with more
transmission supported by X-Haul, the demands for edge cache resources will decrease, and the
edge cache can be used more efficiently. Putting these features together, the F-RAN based 5G
system can meet the traffic demands with less budget.
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Fig. 4. Different performance metric comparisons: the joint impact of X-Haul and edge cache. (a) An example of F-RAN
based 5G systems. (b) Numerical results for solutions with X-Haul capacity = c2 (c) Numerical results for solutions with X-Haul
capacity = c3.
For different combinations of X-Haul and edge caching strategies, Fig. 4 shows a comparison
among SE, EE, and E3 metrics. The capacity of X-Haul are set to c2 and c3 (c2 < c1 < c3),
respectively. Both c2 and c3 are less than enough to fully meet the traffic demands without the
help of edge cache. Caching strategies used in Fig. 4 (b) and Fig. 4 (c) are assumed to be the
same as the one used in Fig. 3 (b).
As it can be observed from the comparisons among Fig. 3 (b), Fig. 4 (b), and Fig. 4 (c),
according to EE, a joint optimization is not an issue worth considering, since the optimal
performance remains the same as long as there are enough edge cache resources to guarantee the
maximum throughput. Nevertheless, different conclusion is made according to E3. The numerical
results imply that the optimal E3 performance and the optimal cache size will be affected by the
change in X-Haul. Consequently, a joint consideration on both X-Haul and edge cache strategies
deserves attention while optimizing E3.
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Fig. 5. Potential challenges and open issues for E3 metric
IV. CHALLENGES AND OPEN ISSUES
E3 metric provides a feasible and comprehensive way to evaluate the performances of F-RAN
based 5G systems when new elements like X-Haul and edge cache are taken into consideration.
However, as shown in Fig. 5, there are still challenges ahead, including the model of cost, E3
optimization based radio resource allocation, and E3 optimization for IoTs.
A. Cost Modelling
E3 metric aims to provide a feasible way to fully consider the impacts on different aspects.
As an enhancement to traditional EE metric, the introduction of cost coefficient is essential for
considering the cost impact. Consequently, the calculation of cost coefficient is crucial for E3
metric, which makes it a key issue to obtain the precise characterization of the cost.
However, according to the authors’ knowledge, there has not been a method of modeling the
cost that is applicable to E3 metric. Besides the sophisticated constitution of the cost, the impact
of the existing equipment from traditional networks also needs to be considered, which makes
12
the problem even more complicated. New techniques like network function virtualization and
cloudization also increase the difficulty of solving the problem. Considering the importance and
the complexity, modeling the cost is an urgent topic for future research works.
B. E3 Optimization Based Radio Resource Allocation
According to E3 metric, increasing throughput or reducing energy consumption alone is
not enough to make a radio resource allocation strategy with better performance. Specifically,
a proper balance between the capability of the system and the corresponding overheads is
preferable, which requires effective use of various resources of the 5G system, including spectral
resources, energy, and budget.
Without a feasible way to take the impacts on throughput, greenness, and affordability together
into consideration, traditional techniques used to be designed mainly focusing on one or two
aspects. As a result, few existing techniques can guarantee the comprehensive improvement of
performance. Since high SE, high EE and high CE are regarded as the three essential features of
5G systems, current radio resource allocation strategies have to be evolved in an E3 optimization
manner to appropriately meet the demands in the future.
C. E3 Optimization for IoTs
Recently, IoT has become the main driver in the future development of mobile commu-
nications, which extending the scope of mobile communication services from interpersonal
communications to smart interconnections between things and things, and between people and
things. With the emergence of IoTs, mobile communication technologies now can penetrate into
broader industries and fields.
IoT brings about infinite vitality to mobile communications, as well as great challenges. As
shown in Fig. 5, the demands of diversified IoT services are significantly different, and 5G
systems have to meet such demands in a flexible and sustainable manner, which takes great
challenges to the 5G system. Accordingly, it is a challenging concern to optimize the E3
performance of IoTs, which is urgent to be exploited for the successful rollout of IoTs in 5G
sytems.
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V. CONCLUSION
To characterize the scalability, flexibility, and interoperability, an advanced E3 metric is
proposed in this article to evaluate the impacts of X-Haul and edge cache in the F-RAN based 5G
systems. With the traditional EE and the cost taken into account, the proposed E3 metric provides
a feasible way to show comprehensive gains when different kinds of advanced technologies are
used. Based on the numerical results, ways to optimize E3 performance of 5G systems are
included in this article. It is concluded that E3 metric serves as a proper choice when the
impacts on throughput, greenness, and affordability all require consideration. However, being a
new proposed performance metric, there are still a number of problems urgent to be solved in
the future, and special attention is required by the key issues including the model of cost, E3
optimization based radio resource allocation, and E3 optimization for IoTs.
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